Speech-sound disorder (SSD) is a complex behavioral disorder characterized by speech-sound production errors associated with deficits in articulation, phonological processes, and cognitive linguistic processes. SSD is prevalent in childhood and is comorbid with disorders of language, spelling, and reading disability, or dyslexia. Previous research suggests that developmental problems in domains associated with speech and language acquisition place a child at risk for dyslexia. Recent genetic studies have identified several candidate regions for dyslexia, including one on chromosome 3 segregating in a large Finnish pedigree. To explore common genetic influences on SSD and reading, we examined linkage for several quantitative traits to markers in the pericentrometric region of chromosome 3 in 77 families ascertained through a child with SSD. The quantitative scores measured several processes underlying speech-sound production, including phonological memory, phonological representation, articulation, receptive and expressive vocabulary, and reading decoding and comprehension skills. Model-free linkage analysis was followed by identification of sib pairs with linkage and construction of core shared haplotypes. In our multipoint analyses, measures of phonological memory demonstrated the strongest linkage (marker D3S2465, , and 
Introduction
Speech-sound disorder (SSD) is a complex behavioral disorder characterized by deficits in motor control of the articulatory mechanism and/or deficits in the general processing, organization, and cognitive representation of linguistic information. Thus, children's speech-sound productions may reflect deficits in underlying phonological processes, such as phonological memory and speechsound coding. SSD has a high prevalence in preschool children, estimated at ∼16% at age 3 years (Shriberg 2002) , with 3.8% of children continuing to present with speech delay at age 6 years (Shriberg et al. 1999 ). More than half of these children encounter later academic difficulties in language, reading, and spelling (Shriberg and Kwiatkowski 1988; Aram and Hall 1989; Bishop and Adams 1990; Menyuk et al. 1991; Felsenfeld et al. 1995; Shriberg and Austin 1998; Lewis et al. 2000) . The residual effects of preschool SSD may be lifelong, and yet, for the majority of individuals, the etiological basis of this disorder is unknown.
There is a growing body of literature suggesting that susceptibility to SSD is genetic, including twin studies (Lewis and Thompson 1992; Bishop et al. 1996; Tomblin and Buckwalter 1998) , familial aggregation studies (Lewis et al. 1989; Lewis 1992; Felsenfeld et al. 1995) and segregation and linkage analyses (Lewis et al. 1993; Schick et al. 2002) . Recently, studies of specific language impairment (SLI), defined as a failure to acquire language within normal limits in the absence of a generalized developmental delay, have reported linkage to chromosome 16q for nonword repetition (SLI Consortium 2002) and to chromosome 19q for expressive language (SLI Consortium 2002). There has also been a report of linkage to chromosome 7q31 for verbal dyspraxia in a large family (Fisher et al. 1998; VarghaKhadem et al. 1998) . Multiple genetic influences could also be at work, with different genetic factors contrib-uting to different types of domains in language and speech-sound acquisition.
Pennington and colleagues (Pennington and Lefly 2001; Tunick and Pennington 2002; Raitano et al., in press) proposed that early developmental problems in spoken language predict the later emergence of dyslexia in children from high-risk families. The cognitive linguistic deficits associated with dyslexia include impairments in phonological awareness (explicit knowledge of the sound system of a language), phonological memory (as measured by the repetition of nonsense words), and the ability to decode unfamiliar words (reading decoding), each of which underlie spoken and written language. Although SSD and dyslexia are assessed through different test batteries, possibly at different ages, the similar cognitive linguistic bases of these disorders suggest that they share some common genetic etiology (see fig. 1 ).
Whereas there have been few molecular genetic data reported for SSD, there is an extensive genetic literature on dyslexia. The genetic mechanisms proposed to underlie the behavioral manifestation of dyslexia are complex (see Fisher and DeFries 2002) . Various components of dyslexia have been analyzed, and linkages have been found to chromosome 1 (Rabin et al. 1993; Grigorenko et al. 2001) ; word recognition and reading decoding linkage has been found on chromosome 2 (Fagerheim et al. 1999; Francks et al. 2002; Petryshen et al. 2002; Kaminen et al. 2003) ; phonological awareness, rapid naming, and verbal short term memory linkage has been found on chromosome 3 (Nopola-Hemmi et al. 2001 , 2002 ; phonemic awareness, reading decoding, singleword reading, orthographic coding, vocabulary, rapid naming, and spelling linkage has been found on chromosome 6 (Cardon et al. 1994 (Cardon et al. , 1995 Grigorenko et al. 1997; Gayan et al. 1999; Fisher et al. 1999 Fisher et al. , 2002a Nothen et al.1999; Petryshen et al. 2001; Kaplan et al. 2002) ; word recognition and spelling linkage has been found on chromosome 15 (Grigorenko et al. 1997; Schulte-Kö rne et al. 1998; Nothen et al. 1999) ; and single-word reading and phonological and orthographic processing linkage has been found on chromosome 18 (Fisher et al. 2002a ). However, recent evidence suggests that some of these chromosomal regions harbor genes with pleiotropic effects (Marlow et al. 2003) .
A recent study by Nopola-Hemmi et al. (2001) analyzed a large Finnish pedigree segregating for developmental dyslexia in an autosomal dominant fashion and found linkage to the pericentromeric region of chromosome 3. On the basis of the hypothesis that SSD and dyslexia share genetic determinants, we genotyped markers in the dyslexia candidate region on chromosome 3 to determine whether linkage would be observed in families ascertained through a proband with SSD. This is the first study, to our knowledge, to examine the common genetic basis of SSD and dyslexia on chromosome 3.
Subjects and Methods

Collection of Family Data
The sample consisted of 77 families, ascertained through a preschool child with SSD of unknown etiology, who donated samples for DNA analysis. The protocol for collection of buccal smears or blood samples and for participant testing was approved by the institutional review board of University Hospitals, Cleveland, OH. Probands were enrolled in speech/language therapy for a moderate to severe SSD of unknown origin and were recruited from case loads of speech-language pathologists in the greater Cleveland area. Siblings of the probands were recruited and assessed at the same time as the probands. Although historical information on affection was collected from parents, the focus of this study was on quantitative traits; hence, we did not utilize parental data in the analyses.
Measures
Measures of articulation.-The Goldman-Fristoe Test of Articulation (GFTA) (Goldman and Fristoe 1986 ) was used to assess production of consonant sounds in singleton and cluster contexts in the beginning, middle, and final positions of words and blends. Participants were asked to name pictures, and their responses were audiotape recorded and phonetically transcribed by speech-language pathologists. A percentile score was used as the quantitative trait for data analysis. The GFTA is standardized for ages 2-16ϩ years and was administered to 188 probands and siblings; when it was used in conjunction with the Khan-Lewis Phonological Analysis (KLPA) (Khan and Lewis 1986) , 15 common error patterns found in children's speech were categorized. These error patterns, or "phonological processes," contribute to a composite percentile rank for age, a speech simplification rating, and an age equivalent score. The KLPA is based on responses to the GFTA and was used in the present study only to identify probands and siblings with moderate to severe affection status; it was not employed in linkage analysis.
The Percentage of Consonants Correct (PCC) (Shriberg et al. 1997) score is the percentage of intended consonant sounds that were articulated correctly in a sample of conversational speech. Conversational speech samples were obtained by examiners using linguistic sampling and audiorecording techniques (Shriberg 1993) . The samples were transcribed using computer-assisted narrow phonetic transcription (Shriberg 2002; Shriberg and Kent 2003) . PCC data were obtained only for children aged 4-12 years, which yielded a total of 177 observations.
Measures of phonological memory.-The Multisyllabic Word Test (MSW) (Catts 1986 ) and Nonsense Word Repetition Test (NSW) (Kamhi and Catts 1986 ) were used to assess phonological short-term memory skills. Participants aged 4-18 years were asked to repeat 20 multisyllabic real and 15 nonsense words in response to audiotaped presentations of the words. Responses were audiotaped and transcribed, indicating the percentage of words correctly repeated. In prior studies, MSW and NSW have discriminated individuals with histories of speech and language disorders who no longer demonstrate overt speech production errors in conversational speech from individuals without such histories (Lewis and Freebairn 1998) . Data were available for 196 children for MSW and 191 children for NSW. We refer to either "speech-sound coding" or "phonological memory" when discussing results associated with MSW or NSW.
Measure of rapid naming.-The Rapid Auditory Naming test (RAN) (Denckla and Rudel 1976 ) is a timed task in which participants are asked to name letters, objects, numbers, or colors as rapidly as possible. The colors subtest (RAN-C) was used to assess speeded naming. The RAN-C assesses phonological retrieval and processing speed (Denckla and Cutting 1999) . The RAN-C test is appropriate for children aged 5-10 years. Data were available for 151 children in the sample.
Measure of verbal short-term memory.-Measures of verbal short-term memory included the Sentence Imitation subtest of the Test of Language DevelopmentPrimary, Second Edition (TOLD-P2) (Newcomer and Hammill 1988) , for participants aged 5-7 years, or the corresponding Recalling Sentences subtest from the Clinical Evaluation of Language Fundamentals-Revised (CELF-R) (Semel et al. 1987) , for older participants. Both subtests assess verbatim recall of sentences of varying syntactic complexity. Scores were combined into a single measure, referred to as SI, which was available for 193 children.
Measures of vocabulary and language comprehension.-Measures of receptive and expressive vocabulary and language comprehension included the Peabody Picture Vocabulary-Third Edition (PPVT-III) (Dunn and Dunn 1997) , the Expressive One Word Picture Vocabulary Test-Revised (EOWPVT-R) (Gardner 1990) , and the Wechsler Individual Achievement Test (WIAT) (Wechsler 1992) Listening Comprehension subtest (WIAT-LC). These measures were given to children aged 5-18 years. PPVT-III scores were available for 157 children, EOWPVT-R scores for 142 children, and WIAT-LC scores for 137 children.
Reading measures.-We administered the Woodcock Reading Mastery Tests-Revised (Woodcock 1987 ) Word Identification (WRMT-ID) and Word Attack (WRMT-AT) subtests to assess reading decoding, as well as the WIAT Reading Comprehension (WIAT-RC) subtest to assess reading comprehension. These reading tests are appropriate for children aged 7-18 years, and age-standardized scores were used in analysis. WRMT-ID scores were available for 137 children, WRMT-AT scores for 135 children, and WIAT-RC scores for 136 children.
Screening Measures for Probands
Probands were ascertained for moderate to severe SSD if they scored at the 10th percentile or lower on the GFTA (Goldman and Fristoe 1986) prior to enrollment in speech-language therapy and if they displayed at least three common phonological error types on the KLPA (Khan and Lewis 1986) . These children were also required to have a normal peripheral speech mechanism, as documented by z scores within 1 SD of the normative reference point on both the Total Function and Total Structure subscales of the Oral and Speech Motor Control Protocol (Robbins and Klee 1987) . Other inclusionary criteria included at least low average intelligence, as defined by a Performance IQ of at least 80 on the Wechsler Intelligence Scale for Children-Third Edition (WISC-III) (Wechsler 1991) or the Wechsler Preschool and Primary Scale of Intelligence Test-Revised (WPPSI-R) (Wechsler 1989) , as well as normal hearing, fewer than six episodes of otitis media prior to age 3 years, and absence of neurological disorders or developmental delays, as reported by the parents. Stuttering and other dysfluencies were not included in defining affection status. Siblings of probands were required to meet the same criteria to be classified as affected. This qualitative categorization was used only for generating descriptive statistics in the present study. The remainder of the analyses were conducted on the age-appropriate quantitative traits through use of the previously described test battery. Comorbid language disorder was diagnosed for scores 1 SD below the mean on two or more subtests of a standardized language measure (TOLD-P2, CELF-P, or the CELF-R), and comorbid reading disorder was diagnosed for scores 1 SD below the mean on either the WRMT or the WIAT-RC. All other comorbidities were based on historical report.
Genotyping
High-molecular-weight DNA was isolated from an aliquot of blood through use of the Puregene Kit (Gentra Systems) or from buccal swabs through use of the BioRad InstaGene Matrix protocol (BioRad Laboratories). DNA was arrayed in a 96-well format, and PCR was performed in a MJ Tetrad thermocycler. To examine the candidate region on chromosome 3, we used standard methods to genotype 15 markers spanning a 56-cM region (table 1) . Of these 15 markers, 12 were selected from the markers studied in the developmental dyslexia research reported by Nopola-Hemmi et al. (2001) .
The multiplexed markers were run on an ABI 3700 capillary machine (Applied Biosystems). Five-percent blind replicates and two CEPH controls were included on each gel to serve as internal controls. The ABI ROX 500 standard (present in every lane) was used to estimate size of alleles. Inconsistencies in the segregation of the genotypes within families were examined using MAR-KERINFO (S.A.G.E. [2003] , version 4.4). Individuals demonstrating Mendelian inconsistencies at multiple markers that could not be resolved by retyping were treated as missing for the purpose of this analysis. In total, 6% of the data were treated as missing. We also checked the marker data for any significant departures from Hardy-Weinberg proportions. We then established the allele frequencies for each genetic marker by simple gene counting (disregarding relationships).
Statistical Analysis
Measures.-For most probands and siblings, test scores on several variables were available at multiple time points during childhood. For all such data, we analyzed the first available observation, hypothesizing that information at the earliest time point would be most sensitive to SSD and associated verbal traits and least influenced by uncontrolled developmental processes and experiences. We examined the effects of age, age squared, sex, socioeconomic status (SES) based on the Hollingshead Four Factor Index of Social Class (Hollingshead 1975) , and first-order interaction terms on these quantitative scores. Covariates and interaction terms significant at the level were adjusted for a p 0.05 in a linear regression model, and standardized residuals were obtained for further statistical analyses. To adjust the distributions of scores for severity differences, preschool test scores were age-adjusted to 4 years (i.e., the mean value at age 4 years was added to each residual), whereas school-age test scores for single-word decoding and for reading and listening comprehension were adjusted to age 18 years (i.e., the mean value at age 18 years was added to each residual). We compared the mean values of affected sibs (not including the proband) and unaffected sibs through use of a t test. We also estimated correlations for the quantitative traits through use of FCOR (S.A.G.E. [2003] , version 4.4).
Factor analysis.-To reduce the battery of speech/language measures to a smaller set of test constructs, principal axis factor analysis with varimax rotation was conducted on the adjusted values for tests that were administered to both younger and older participants (i.e., age у4 years). To identify distinct factors, scores with the high cross loadings were excluded after initial analyses, and factor analysis was repeated. The final analysis yielded three factors, accounting for 64% of the variance in scores: an articulation factor (ARTF) with loadings on GFTA and PCC, a phonological short-term memory factor (PHONF) with loadings on MSW and NSW, and a vocabulary factor (VOCF) with loadings on the PPVT-III and EOWPVT-R. The primary loadings of the tests on their respective factors were uniformly high (all 1.65), with low cross loadings (all !.26). Separate analyses of data from the younger and older participants yielded similar results. For purposes of analysis, the two z scores that loaded on each factor were averaged to create three factor score composites.
Linkage analysis.-We conducted model-free multipoint linkage analyses of six reading and language scores (WRMT-ID, WRMT-AT, WIAT-RC, WIAT-LC, SI, and RAN-C) and three factor scores (ARTF, PHONF, and VOCF) to determine whether component traits of SSD were influenced by QTLs in the chromosome 3 region identified by Nopola-Hemmi et al. (2001) . The quantitative traits comprising the three factors were examined individually when the factors demonstrated evidence for linkage in the significant range (Lander and Kruglyak 1995) .
Genotypes from parents and offspring were used to calculate identity by descent (IBD) allele sharing distributions through use of the GENIBD program of S.A.G.E. version 4.4 (S.A.G.E. 2003). Evidence for linkage was evaluated by a Haseman-Elston regression (Haseman and Elston 1972; Elston et al. 2000) , as implemented in SIB-PAL (S.A.G.E., version 4.4), using either the original Haseman-Elston regression (Haseman and Elston 1972) or the newest adaptation of the method, which parameterizes the sib pair's trait value as a weighted combination of the squared trait difference and squared mean corrected trait sum adjusted for the nonindependence of sib pairs (W4 option [Shete et al. 2003]) . Although the latter is more powerful asymptotically, in a finite sample the weights may not be optimally estimated, with the result that the former method outperforms it. Therefore, the smaller P values are reported. In all cases, the alternate method also gave evidence for linkage, albeit with a slightly larger P value. Asymptotic P values achieving nominal statistical significance were confirmed by empirically deriving a null permutation distribution through use of a sample of 50,000 replicate permutations of the data, as implemented in SIBPAL. These empirical P values were uncorrected for multiple testing.
Identification of sib pairs with linkage.-We sought to identify the sib pairs that were contributing to the linkage results for both MSW and NSW, since separate linkage analyses of these traits suggested they were influenced independently by the putative QTL. For each sibling pair, we computed a score based on the squared sib-pair difference and the estimated sib-pair marker allele sharing, on which to rank the sib pairs for linkage informativity:
where y 1 and y 2 are the trait values for sibs 1 and 2,ȳ is the average of over the whole sample, and
is the estimated mean allele sharing for the two sibs. p 12 This score is large (positive) either when the squared sib pair difference is small and is large or when thê p 12 squared sib-pair difference is large and is small-that p 12 is, when the sibs are similarly alike, in terms of deviation from the mean, for both their traits and allele-sharing; otherwise the score will tend to be small (negative). Sib pairs with values in the upper 30th percentile of the distribution for both NSW and MSW were considered to be linked to the locus. To verify that these sib pairs indeed contributed most to the linkage effect, the pedigrees containing these sib pairs were removed from the data, and linkage analysis of both NSW and MSW was conducted again. The resulting linkage results were much less significant ( fig. 3B) .
Construction of core haplotypes in affected sib pairs.-To characterize the smallest region of allele sharing, we constructed haplotypes in the concordantly affected sib pairs with linkage, defined as being in the upper 30th percentile of the score distribution and both sibs having low scores for NSW and MSW. The most likely haplotypes for each individual were constructed using Merlin (Abecasis et al. 2002) . The procedure used the genotype data from the 15 markers in the parents and sibs of the linked sib pairs (which were identified as described above). Merlin uses sparse gene flow trees to estimate the most likely haplotypes according to a Markov process, under the assumption that no recombination occurs between consecutive markers.
Results
We examined speech-sound phenotypes in 77 pedigrees ascertained through a proband with SSD (table 2) . Previous research has shown that SSD is more prevalent in males than in females (Shriberg et al. 1999) , and this was indeed the case in our sample, since there were more than twice the number of affected males than females ( ). Language disorder was present in 23.4% of P p .019 the children, and reading disorder was present in 21.6% (table 2) . Other comorbidities were reported by the parents, but each represented !15% of the sample (table  2) . The majority of the sample was white, and most of the sample was from the middle-to upper-class SES strata.
Conceptualization and Analysis of Quantitative Traits
Figure 1 provides a schema conceptualizing hypothetical associations among the multiple speech-sound and dyslexia/reading phenotypes considered in this study. As illustrated in the figure, the specific role of each quantitative trait is embedded within a far more complex cognitive-linguistic network, including the subdomains of auditory and visual perception of words and letters underlying the production of spoken and written language. Thus, a deficit in phonological representation may underlie both SSD and dyslexia. Measures such as MSW and NSW assess the integrity of these representations. MSW and NSW test batteries can be presented either auditorily for preschoolers or as printed words for schoolage children who can read; the latter invokes the use of visual processes, whereas the former relies on auditory mechanisms. Because we have used both types of measures, we refer to the auditorily presented measure as "phonological memory" or "speech-sound coding"; tests invoking visual processes are referred to as "reading decoding."
Prior to conducting linkage analysis, adjustments were made for covariates and first-order interaction terms that accounted for significant ( ) variance in scores. a p 0.05 As shown in table 3, SES was significantly associated with most of the traits. After covariate adjustment, significant differences between affected and unaffected sibs remained on multiple measures. To characterize associations between affection status and the quantitative traits, table 4 presents mean scores for probands, affected siblings, and unaffected siblings. Statistically significant differences between the groups were most marked for GFTA, MSW, NSW, WRMT-ID, and RAN-C. Table 5 summarizes associations between the quan- titative measures. These data show that articulation skills (GFTA and PCC) and phonological memory (NSW and MSW) were highly intercorrelated. Despite the different demands of the tests of phonological memory compared with the reading measures (the latter tests involving visual processes and letter-to-sound conversion), robust correlations were also found between these domains. Correlations of measures of articulation and phonological processing with tests of vocabulary (PPVT-III and EOWPVT-R) were of only moderate magnitude. The fact that the PPVT-III scores were more variable than the EOWPVT-R among children who were old enough to take the reading tests may help to account for the stronger association of the PPVT-III with reading.
Linkage Analysis
We conducted a model-independent linkage analysis of the chromosome 3p12-q13 region for each of the nine quantitative traits. Because the three factor scores summarize major domains of SSD (articulation, phonological memory, and vocabulary), only these linkage results are presented ( fig. 2) . We found significant evidence for linkage to PHONF (D3S2465, , empir-Ϫ5 P p 5.6 # 10 ical ; and D3S3716, , em-
Ϫ5 Ϫ4
P p 2 # 10 P p 6.8 # 10 pirical ) and suggestive evidence for link-Ϫ4 P p 4.6 # 10 age to ARTF (D3S3049, , empirical Ϫ3 P p 1.8 # 10 ), SI (D3S2454, , empiri-
Ϫ3 Ϫ3
P p 1.5 # 10 P p 6 # 10 cal ), and the reading decoding variable Ϫ3 P p 9 # 10 WRMT-ID (D3S2465, , empirical P p .0040 P p ) ( fig. 2; table 6 ). For brevity, variables with little .0034 or no evidence of linkage are omitted from the tabular and graphic summaries. These findings suggest that the susceptibility gene in the pericentromeric region of chromosome 3 predisposes children for deficits in phonological processing and speech-sound production.
We further analyzed the linkage result for the PHONF by examining the component traits MSW and NSW individually. Each individually demonstrated substantial evidence of linkage to these markers, although the NSW trait gave stronger evidence of linkage ( fig. 3A) . The 1-LOD support interval for MSW spanned from D3S2406 to D3S1595, whereas the 1-LOD support interval for NSW was larger, spanning from D3S3049 to D3S3655. As indicated in table 5, these traits are highly correlated ( ). Thus, the use of a single trait may have been r p .79 sufficient to explain the linkage results. Alternatively, it is feasible that the uncorrelated residual variability may have contributed uniquely to the genetic susceptibility,
Figure 1
Shared and unshared processes involved in production of speech and written text. The tasks of processing and producing speechsound and written text share some neural processes. The processing of speech and written text begins with modality-specific sensory and perceptual analyses of the stimuli-that is, auditory and visual analyses. The analysis of speech and written text relies on shared phonological representations for the conversion of phonetic speech units to phoneme classes and on the conversion of written graphemes to the corresponding phonemes. Phonological memory is a key process in these conversions. Next, meaning is attached to the utterance or text through shared semantic and morphologic/syntactic representations. The output segment of speech production or writing again requires modality-specific processes, including the selection and retrieval of a template for the intended word, the assembly and sequencing of phonetic units or graphemes, and the execution of the motor program. There are also processes contributing to speech and written text output that bypass the phonological representation segment. These processes include repetition of words without meaning and reading by sight vocabulary rather than by reading decoding. The numbers in parentheses in the figure correspond to the measures listed in the key below. Note that a single measure may tap multiple processes. Although the figure depicts processing as linear, we recognize that many of these processes are overlapping and occur simultaneously. Key: 1 p WRMT-ID; 2 p WRMT-AT; 3 p WIAT-RC; 4 p WIAT-LC; 5 p PPVT-III; 6 p EOWPVT-R; 7 p SI; 8 p MSW; 9 p NSW; 10 p PCC; 11 p GFTA; 12 p RAN-C. and it is important to examine both phenotypes. To assess the unique contributions of each variable to the linkage findings, we adjusted NSW for MSW in a linear regression model and analyzed the new residuals. We found that the evidence for linkage at our original peak (D3S2465) had diminished, although residual evidence for linkage with NSW remained at the region around D3S3045 ( fig. 3A ). This result suggests that this putative QTL influences NSW independently of MSW. We identified 34 sib pairs contributing to linkage effects seen for both MSW and NSW, through use of the allele sharing estimates from the most significant marker (D3S2465). Of these, 9 pairs were concordantly affected (both having low scores for MSW and NSW), 2 were concordantly unaffected (both with high scores for MSW and NSW), and the remaining sib pairs were dis- cordant for these phonological short-term memory measures. When the families containing these 34 sib pairs were removed from the linkage analysis, evidence for linkage disappeared at D3S2465 for the MSW/NSW joint signal, but nominal evidence for linkage with NSW persisted in the region around D3S3716 ( fig. 3B ). We analyzed D3S2465 and D3S3716 in a multiple regression model and found only D3S2465 to be marginally significant, and there appeared to be no interaction effect (data not shown). However, since the markers are relatively close (∼13 cM apart) and the sample size is moderate, we may not have had sample of sufficient size to accurately test a one-locus versus a two-locus model. Alternatively, the two markers may be too highly correlated, given their close proximity, resulting in confounding. Because a weak linkage signal for NSW persisted both after adjustment for MSW and after removal of the sib pairs with linkage, a second distant locus with independent effects on NSW cannot be ruled out. To examine the hypothesis of pleiotropy, we created scores for WRMT-AT and WRMT-ID through use of equation (1). Sample size for these analyses was reduced because of the inappropriateness of the reading tests for the younger children in the sample. Nevertheless, of the seven concordantly affected sib pairs with linkage to MSW and NSW who had data available for WRMT-AT and WRMT-ID, all showed linkage to WRMT-AT and WRMT-ID as well.
Haplotype Analysis of Sib Pairs with Linkage
Comparison of haplotypes in the 56-cM region in concordantly affected linked sib pairs ( fig. 4 ) indicated extensive retention of shared chromosomal segments. The markers demonstrating maximal sharing extended from D3S3049 to D3S3045 and overlapped significantly with the Nopola-Hemmi et al. (2001) conserved disease haplotype. Most of these markers are near the centromere, where recombination is less likely to occur. In contrast to affected individuals sharing a single haplotype, as was described for the autosomal dominant form of dyslexia in the Nopola-Hemmi et al. (2001) article, affected sibs in the present study shared both maternal and paternal haplotypes-that is, diplotypes. This may be because of our selection scheme for sib pairs with linkage who have excess IBD sharing at marker D3S2465 among sibs with low trait values. However, for a dominant locus, one would anticipate that any excess in IBD sharing among cosibs with similarly low trait values would be equally distributed among those with only one allele shared IBD and those with two alleles shared IBD, similarly influencing the haplotypic outcome. To further examine mode of inheritance, we conducted a multiple regression to test the additive and dominance components of variance at D3S2465. We found that only the additive component of variance was significant, whereas the dominance component was not ( ). P p .8 Discussion SSD is a common multifactorial disorder with characteristics that overlap with those of developmental dyslexia (see fig. 1 ). Consistent with the possibility that these disorders share susceptibility loci, we report, in an independent sample, linkage of intermediate phenotypes for SSD to a locus on chromosome 3 that was originally identified as predisposing to developmental dyslexia in a single Finnish family (Nopola-Hemmi et al. 2001) . Scores on factors and tasks that quantify a speaker's skills in phonological short-term memory (PHONF, MSW, and NSW) showed strong evidence of linkage. Table 5 Cross-Trait Correlations for Quantitative Traits Related to SSD Other verbal trait variables, including those indexed by the articulation factor (ARTF), verbal short term memory (SI), and single-word decoding (WRMT-AT and WRMT-ID) also showed some degree of evidence of linkage, suggesting that this putative QTL may act in a pleiotropic fashion, influencing both SSD and developmental dyslexia. The present findings expand the scope of developmental influence of the 3p12-q13 dyslexia locus from the Nopola-Hemmi et al. (2001) study indicating monogenic linkage in an extended family to consequences including SSD. More generally, our linkage finding for speech-sound production (ARTF), typically not considered a correlate of dyslexia or SLI, adds to the genetics of cognitive linguistic processes. These results provide the first molecular genetic data supporting Pennington and Lefly's (2001) hypothesis that early deficits in phonological processing skills and ability to repeat unfamiliar words, as in the NSW task, are predictors of subsequent dyslexia. High correlation among numerous dyslexia spectrum phenotypes has previously been reported (Fisher et al. 2002a; Grigorenko et al. 2003) . In the present analysis, we found that similarly high correlations exist for traits measured in children ascertained for SSD (table 6), and the measures that demonstrated the greatest evidence for linkage were presented auditorily (MSW and NSW) rather than visually, with many of the participant children not yet readers. These measures identify early deficits in phonological memory and speech-sound coding of unfamiliar words. NopolaHemmi et al. (2002) observed that the neurocognitive type of dyslexia segregating in the Finnish family with linkage to 3p12-q13 consisted of deficits in phonological awareness, verbal short-term memory, and rapid naming. Findings for our phonology variables (PHONF and SI) are consistent with their findings, but, unlike in their findings, analyses of rapid naming (RAN-C) did not provide evidence for linkage. The rapid naming task in the Nopola-Hemmi et al. (2002) study required reading, which may have invoked visual abilities associated with other phonological representational skills, such as phoneme-grapheme correspondence. The linkage findings for the two measures that require reading skills (WRMT-AT and WRMT-ID) but assess processing constructs similar to that invoked in the auditorily presented measures further strengthen the support for this hypothesis. Results from both studies together suggest that the putative locus on chromosome 3 influences phonological processing.
Another genome scan in samples ascertained for dyslexia found that phenotypes for single-word reading, phonemic awareness, reading decoding, and orthographic coding were linked to markers located between 90 cM and 136.6 cM on chromosome 3 (Fisher et al. 2002a) . The location of a second dyslexia linkage signal within 10-25 cM of our maximum lends further support for the possibility that at least one gene for phonological processing is located in this region of chromosome 3. However, the investigators did not provide sufficient detail for us to be able to fully compare the results. A genome scan for SLI found potential evidence of linkage to 3p24 but not to the 3p12-q13 region described in the present article (SLI Consortium 2002) . This genome scan was conducted using the receptive and expressive scales of the CELF-R and a test for nonword repetition, a measure of phonological short-term memory. Extrapolating from our current study that cognitive domains common to both SSD and dyslexia are both influenced by a locus on chromosome 3, we anticipate that other loci linked to dyslexia and or SLI may also contribute to SSD susceptibility. We have not addressed these hypotheses but envisage that future studies will elucidate these relationships.
In analyzing NSW and MSW, we found that the putative chromosome 3 locus contributes not only to their shared variance but also uniquely to NSW (fig. 3A) . Although both purportedly test phonological memory, they likely assess cognitively different processes. MSW
Figure 2
Results of the model-free linkage analyses for the phonology, articulation, and vocabulary factors, plotted as pP p Ϫlog 10 (asymptotic P value) on the Y-axis against genetic distance (in cM) on the X-axis. uses words that may be in the subject's lexicon, possibly relying on long-term memory. In contrast, NSW uses novel stimuli, which makes it a less confounded and possibly more sensitive test of phonological working memory. ARTF also shows suggestive linkage to this region ( fig. 2) , and its component traits, GFTA and PCC, are highly correlated with NSW and MSW (table 5) . The GFTA measures the articulation of consonant sounds in familiar single words, and the PCC measures the articulation of consonant sounds in spontaneous conversational speech. Although both the GFTA and PCC assess articulation, they also invoke phonological memory, because the child is required to code information phonologically for temporary storage in shortterm memory while performing each task. Finally, vocabulary measures (PPVT-III and EOWPVT-R) were included in the study to detect comorbid language impairment (LI). Vocabulary scores emerged as a significant factor in our analyses, possibly because of the high rate of comorbid LI in our sample (∼50%). Another explanation may be found in the emerging literature on the relationship between speech-sound development and vocabulary (Walley and Metsala 1990; Metsala 1997) . Phonological information in long-term memory may play an active role in recall of short-term memory (Roodenrys et al. 2002 source of our linkage signal and have examined the extent of haplotype sharing in these sibs. Our region of sharing overlaps with the conserved haplotype identified in the Nopola-Hemmi et al. (2001) article. In contrast to their results, however, both our haplotype analyses and our variance components analysis suggest a recessive or additive mode of inheritance for SSD.
To fully comprehend the biological basis of a multifactorial phenotype such as SSD, any binary classification, which is likely a function of multiple quantitative traits (Risch 2000) , is probably too broad to adequately dissect the phenotypic overlap. Further, the lack of consensus on the etiological basis for SSD and its comorbidity with language and reading disorders makes the use of a standard qualitative affection phenotype less reliable. In contrast, well-chosen quantitative traits may be more closely tied to gene expression and therefore biologically more informative compared with the sensitivity of a clinical diagnosis or a threshold scale (Rice et al. 2001; Shriberg 1993) . This approach also reduces misclassification of individuals into incorrect categories (Elston 1979) . Moreover, as was done in the present analyses, utilizing appropriate quantitative traits for complex disorders may increase power to detect linkage (Duggirala et al. 1997) and may illustrate common quantitative QTLs that underlie these related disorders. Use of severity indices for gene mapping has been successful for dyslexia (Cardon et al. 1994 (Cardon et al. , 1995 Grigorenko et al. 1997 Grigorenko et al. , 2003 Fisher and DeFries 2002; Fisher et al. 2002a; Kaminen et al. 2003; Marlow et al. 2003) , as well as for other related traits such as specific language impairment (SLI Consortium 2002) and attention-deficit/hyperactivity disorder (Fisher et al. 2002b) .
As pointed out by Fisher and DeFries (2002) , interpretation of univariate QTL mapping data like that reported for the present study is challenging. In this study, we found at least nominal evidence of linkage to a region on chromosome 3 for about half of the SSD traits that we examined. Although we cannot say with certainty that this chromosomal region specifically affects deficits common to both SSD and developmental dyslexia, the reports reviewed and findings from the present results support that conclusion. Further, our linkage analysis suggests that this locus on chromosome 3 affects a core domain of SSD, articulation, which, to our knowledge, we are the first to examine. Since our variables for phonological memory (NSW/MSW) are correlated with the articulation measures (see table 5), we are unable to specify whether the linkage with the ARTF factor is due to articulation alone. We are in the process of testing a larger sample and plan to use multivariate linkage analysis (cf. Marlow et al. 2003; Stein et al. 2003) to address this issue. Our data also cannot be used to distinguish between the presence of one or two genes in this region. A similar pattern was seen in another quantitative trait analysis of dyslexia (Grigorenko et al. 2003 ). Because we have a moderately sized sample, we may not have the statistical power to resolve accurately a single versus multiple QTL model (Cordell 2001) . Such information awaits a multivariate analysis of an independent sample.
Lastly, we acknowledge that additional loci with larger effect sizes associated with the domains depicted in figure 1 can be identified through genomewide scanning of this cohort. We are in the process of assembling a larger cohort, so that we can undertake this task. Because our focus is on speech-sound production, we are especially interested in identifying loci that would not ordinarily be identified through scans for dyslexia and SLI.
